Diabetes is a major risk factor for cardiovascular disease. To examine how diabetes interacts with a mildly compromised lipid metabolism, we introduced the diabetogenic Ins2 C96Y/+ (Akita) mutation into mice expressing human apoE4 (E4) combined with either an over-expressing human LDL receptor gene (hLDLR) or the wild-type mouse gene. The hLDLR allele caused 2-fold reductions in plasma HDL-cholesterol, plasma apoA1, and hepatic triglyceride secretion. Diabetes increased plasma total cholesterol 1.3-fold, and increased apoB48 secretion 3-fold while reducing triglyceride secretion 2-fold. Consequently, diabetic E4 mice with hLDLR secrete increased numbers of small, cholesterol-enriched, apoB48-containing VLDL, although they have near normal plasma cholesterol (<120mg/dl). Small foam cell lesions were present in the aortic roots of all diabetic E4 mice with hLDLR that we analyzed at 6 months of age. None were present in non-diabetic mice or in diabetic mice without hLDLR. Aortic expression of genes affecting leukocyte recruitment and adhesion was enhanced by diabetes.
Introduction
More than 10% of the United States adult population is estimated to have diabetes (1) , and the leading cause of increased mortality in patients with diabetes is enhanced atherosclerosis (2, 3) . A common cluster of harmful changes to lipoprotein metabolism, including increased plasma VLDL and LDL cholesterol, occurs in type-2 diabetic patients and is characterized by the presence of small, dense LDL particles low high density lipoprotein (HDL), increased triglycerides, and postprandial lipemia (4, 5) . Serum lipid and lipoprotein levels in patients who have well-controlled type-1 diabetes are generally not higher than those in people without diabetes.
However, hypertriglyceridemia and reduced HDL are common in poorly controlled patients, and plasma apoB100 levels, which indicate the number of LDL particles, correlate with glycemic control (5) . This underscores the importance of diabetes-induced changes in lipoprotein composition and distribution as a cardiovascular disease (CVD) risk (4, 5) , but how these relatively small changes in lipid metabolism that occur in the general human population lead to increased diabetic complications of atherosclerosis is not completely understood. Current animal models for atherosclerosis have not been able to address this issue satisfactorily, as they rely on gross lipid abnormalities, such as the lack of LDLR or apoE which cause severe hypercholesterolemia. While modest increases in atherosclerosis have been observed when these hypercholesterolemic mice are made diabetic (6) (7) (8) (9) (10) , the effect of diabetes on atherosclerosis in mice with more normal, physiological cholesterol levels have not been investigated.
Apolipoprotein E (apoE) is a small circulating protein associated predominantly with VLDL and HDL. It is a primary ligand for the LDLR and a crucial component in the clearance of plasma lipoproteins and a major determinant of plasma cholesterol and CVD risk (8) . The APOE gene is polymorphic in the human population, having three common isoforms: apoE2, apoE3, and apoE4. The apoE4 isoform is associated with higher LDL cholesterol and an increased risk of CVD (11) . Previously we have reported that mice expressing human apoE4 in place of mouse apoE have normal plasma lipid and lipoprotein profiles when they are on regular chow (12, 13) .
We have also reported that mice that carry one copy of the hLdlr allele, which encodes human LDLR protein by guest, on November 9, 2017 www.jlr.org Downloaded from 4 (hLDLR) in place of mouse LDLR and expresses 3 times normal, have a 40% reduction in plasma cholesterol.
The HDL cholesterol of the mice with hLDLR is below 50 mg/dl, and is close to that normally seen in humans (14) . Furthermore, mice expressing both human apoE4 and human LDLR ("E4h" mice) are highly sensitive to diet-induced dyslipidemia. While they have low plasma cholesterol on regular chow, they develop hypercholesterolemia and atherosclerosis on a diet adjusted with fat and cholesterol contents mirroring those consumed by humans (14) . In the current work, we show that uncontrolled diabetes induces atherosclerosis in these mice on a normal chow diet without the addition of high fat and high cholesterol.
To induce diabetes, we used the Ins2 C96Y/+ "Akita" mutation, a genetic model of Type-1 diabetes. In Akita mice, a C96Y amino acid substitution in the Ins2 gene leads to improper folding of pro-insulin in the endoplasmic reticulum and causes eventual β-cell death (15) . As a consequence, male Akita mice develop hypoinsulinemia and severe hyperglycemia beginning around one month of age. Here, we show that diabetic Akita mice expressing human apoE4 and human LDLR (E4hAkita) develop distinct foam cell lesions despite having plasma total cholesterol within a normal physiological range (~100 mg/dl). Neither hLDLR allele nor diabetes alone is sufficient, but both are necessary for triggering atherosclerosis.
Methods
Mice and induction of diabetes. Mice with a replacement of the endogenous Apoe locus with the human APOE*4 (E4) allele and mice carrying the hLdlr allele encoding human LDLR protein were previously described (12) (13) (14) 16) . Ins2Akita/J mice on a C57BL/6-background were obtained from the Jackson Laboratories (stock #003548 Biochemical assays. After a four hour fast, animals were anesthetized with 2,2,2-tribromoethanol and blood was collected. Cholesterol, phospholipids, glucose, and free fatty acids were measured using commercial kits (Wako, Richmond, VA). Triglycerides were determined using a commercial kit (Stanbio, Boerne, TX). Plasma insulin, Interleukin-6 (IL-6), Monocyte Chemotaxic Protein 1 (MCP-1), and Tumor Necrosis Factor alpha (TNFα) were assayed using magnetic bead immunoassay kits (Millipore, Billerica, MA) on a MAGPIX platform (Luminex, Austin, TX). Hepatic lipids were extracted by homogenization of liver tissue (~50 mg) in chloroform:methanol at 2:1 by volume and analyzed as described (17) .
Lipoprotein fractionation and VLDL secretion. Lipoprotein distribution and composition was determined with pooled plasma samples (100 µl) fractionated by fast protein liquid chromatography (FPLC) using a Superose 6 HR10/30 column (GE Healthcare, Piscataway, NJ). Pooled plasma (250 µl) was separated by sequential density ultracentrifugation into density fractions ranging from d<1.006 g/ml (VLDL) to 1.10<d<1.21 g/ml (HDL) and subjected to electrophoresis in a 4-20% denaturing SDS-polyacrylamide gel (18) . ApoA1 and apoB contents were determined by western blot in individual plasma or VLDL fraction from pooled (n = 6) plasma samples following ultracentrifugation at d<1.006 g/ml using 1:2,000 dilution of anti-mouse apoA1 and anti-mouse apoB (Abcam, Cambridge, MA) primary antibodies, respectively, and 1:10,000 dilution of HRP-conjugated anti rabbit IgG as secondary antibody (Cell Signaling, Danvers, MA). For apoE detection, anti-human apoE (EMD Millipore, Darmstadt, Germany) and HRP-conjugated anti-goat IgG as secondary antibody (Sigma-Aldrich St. Louis, MO) were used. Hepatic secretion of TG and cholesterol was measured following injection of Tyloxapol (0.7 mg/g body weight, Sigma-Aldrich St. Louis, MO) via tail vein of mice (n-5 each genotype) after an overnight fast (17) . Atherosclerosis. At six months of age, mice were euthanized with a lethal dose of 2,2,2-tribromoethanol and perfused at physiological pressure with 4% phosphate buffered paraformaldehyde (pH 7.4). At least 30 serially cut sections of aortic root from each mouse were examined under the light microscope (8 mice per each genotype). Macrophages in the aortic sections were immunostained using anti -mouse monocyte/macrophage antibody (MOMA2) and Cy5 -labeled anti-rat IgG (Abcam, Cambridge MA).
Lipoprotein uptake by macrophage. Peritoneal macrophages were isolated 4 days after intraperitoneal injection of 0.5 ml of 4% (w/v) thioglycolate (BD Biosciences). Macrophages were cultured for 48 hours in Ham's F-10 medium supplemented with 5% fetal bovine serum, 100 units/ml penicillin, 100 µg/ml streptomycin, 2 mM Lglutamine, and with 5 mM (Low) or 25 mM (High) glucose. Cells were incubated for 4 hours with 1 mg/ml of oxidized human LDL labeled with DiI (1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine percholorate, Molecular Probes, Inc.), and lipoprotein uptake was estimated as described (19) . Cholesterol efflux assay. Peritoneal macrophages isolated from wild type C57BL/6J mice were cultured in medium containing [ 3 H]-choleresterol (1µCi/ml) and 50 µg/ml of acetylated LDL for 16h. Cells were washed and incubated with 0.8% (v/v) mouse plasma in serum free medium for 2.5h, and efflux was calculated as counts in medium over counts in medium and cells (19) . The ability of individual plasma to promote cholesterol efflux was calculated by subtracting values obtained without plasma.
Gene expression. mRNA was purified from liver, peritoneal macrophage and thoracic aorta of 4-5 mo old mice using an Automated Nucleic Acid Workstation ABI 6700, and real-time PCR was performed in an ABI PRISM 7700 Sequence Detector (Applied Biosystems). β-Actin mRNA was used for normalization. Sequences for primers and probes are available upon request. 
Results

Akita diabetic mice
By two months of age, E4Akita and E4hAkita mice were fully diabetic as judged by the elevation of their fasting plasma glucose compared to non-diabetic mice. Thus, fasting plasma glucose levels in E4Akita (516±21 mg/dl) and E4hAkita mice (572±26 mg/dl) at 4-5 months of age were significantly higher than in non-diabetic E4 and E4h mice (157±7 and 149±11 mg/dl respectively, P<0.0001 for diabetic effect by two way ANOVA, Figure 1A ). Plasma insulin levels fell to 36±29 and 135±49 pg/ml in diabetic E4Akita and E4hAkita
mice, compared to 821±262 and 689±202 pg/ml in non-diabetic E4 and E4h mice, respectively ( Figure 1B ).
There was no significant effect of LDLR genotype on either fasting plasma glucose or insulin.
Mice were maintained on regular chow without any intervention. Despite a 2-fold increase in food intake, diabetic mice had a reduced body weight compared to non-diabetic mice. At six months of age E4Akita (21.12±4.09g) and E4hAkita (21.52±1.05g) mice weighed less than their non-diabetic E4 (30.89±2.2g) and E4h (28.26±5.0g) siblings. There was no effect of hLDLR genotype on body weight. Signs of distress in diabetic mice, such as dehydration, hair loss and significant weight loss, were not present in the experimental mice at 6 months of age.
Plasma lipids and lipoproteins.
Plasma triglyceride levels were not affected by diabetes, but the possession of an hLDLR allele led to a modest but significant reduction of plasma triglycerides (P<0.004, Figure   1C ). There was no effect of diabetes or LDLR genotype on fasting plasma free fatty acids (data not shown). In contrast, plasma cholesterol levels were significantly increased in diabetic mice compared to non-diabetic mice by by guest, on November 9, 2017 www.jlr.org
Downloaded from 8 about 40mg/dl (P<0.0001, Figure 1D ). In non-diabetic mice, plasma total cholesterol was slightly lower (51±4 mg/dl) in the E4h mice than in E4 mice (66±4 mg/dl, NS). However, total plasma cholesterol in the diabetic E4hAkita (102±10 mg/dl) and E4Akita mice (92±6 mg/dl) were indistinguishable (P=0.09 for interactions between the effects of diabetes and LDLR genotype). Most importantly, the plasma levels of total cholesterol in the diabetic E4hAkita mice remained within the range seen in wild type mice.
Separating lipoprotein classes by size-exclusion FPLC revealed that non-diabetic E4 mice carry the majority of their cholesterol in the form of HDL and that increasing LDLR levels in E4h mice resulted in a reduction in HDL cholesterol ( Figure 1E , left panel). Diabetes did not change the levels of HDL cholesterol, and HDL in E4hAkita remained lower than in E4Akita mice ( Figure 1E , right panel). VLDL and VLDL remnants were increased in both diabetic groups, and this diabetes-associated increase was magnified in the E4hAkita mice.
Thus, although total plasma cholesterol in E4Akita and E4hAkita mice was indistinguishable, there was a dramatic shift in the lipoprotein profile. Cholesterol in the E4Akita mice was primarily in HDL fractions, while cholesterol in the E4hAkita mice was primarily in VLDL and VLDL remnant fractions ( Figure 1E , right panel).
Consequently, the ratio of non-HDL cholesterol to HDL cholesterol (3.05) in the E4hAkita mice was more than three times higher than in any of the other groups (0.45-0.78, Figure 1E in parentheses).
Plasma protein levels of apoB100 were very low in all groups. Diabetes significantly increased plasma apoB48 levels ( Figure 1F ). There was a decrease in plasma apoA1 in the mice with hLDLR, indicating a reduced number of HDL particles ( Figure 1G ). Plasma apoE4 was also low in the mice with hLDLR independent of diabetes ( Figure 1H ). SDS gel electrophoresis of plasma VLDL fraction isolated by ultracentrifugation confirmed that hLDLR caused dramatic reduction of apoB100, apoE and apoC ( Figure 1I ). The reduction of apoE and apoC proteins likely accounts for the reduction in the triglyceride content in the remnant particles.
Hepatic lipid content and VLDL Secretion.
Reduced insulin signaling is associated with increased VLDL secretion, and lipid availability is the primary determinant of hepatic VLDL secretion (20, 21 stores were similar among all the groups ( Figure 2A ). In contrast, diabetes significantly lowered hepatic triglycerides (P=0.04 , Figure 2B ). The diabetes effect was more pronounced in E4Akita mice compared to E4 mice, and the liver triglyceride contents in E4hAkita mice were similar to those in E4h mice.
We estimated the rate of hepatic VLDL secretion by injecting mice with Tyloxapol, which inhibits particle uptake and lipolysis, to mice fasted for at least 16h to minimize intestinal contribution. TG accumulation in the plasma following Tyloxapol injection was similar for the first 30 minutes post-injection, but slowed significantly in mice with hLDLR at 1 and 2 hours in both the non-diabetic ( Figure 2C , left panel) and diabetic ( Figure 2C , right panel) state (P<0.001). Additionally, diabetes had a small but significant TG secretion lowering effect (P=0.02).
While diabetes resulted in an approximately 40% increase in cholesterol secretion (P<0.01), LDLR genotype had no significant effect ( Figure 2D ). Together, both diabetes and hLDLR significantly altered the ratio of TG/CH in the particles accumulated during 2h after Tyloxapol injection (24±3, 18±2, 12±2 and 6±1 for E4, E4h, E4Akita and E4hAkita, respectively. P<0.0001 for diabetes effect, P=0.01 for hLDLR effect with no interaction).
To estimate the number of lipoprotein particles being secreted, we measured the amount of apoB in the VLDL (d<1.006 mg/dl) fraction isolated from pooled plasma at 2, 60 and 120 minutes post-tyloxapol injection.
The secretion of total apoB protein was similar between the non-diabetic E4 and E4h mice ( Figure 2E , left panel), although relative ratio of apoB100/apoB48 was higher in E4-VLDL than in E4h-VLDL. Diabetes increased the secretion of total apoB by about 3 fold (P<0.001) particularly in apoB48 form. While the amount of total apoB secreted over two hours was also similar between the E4hAkita and the E4Akita mice, E4hAkita mice secreted primarily apoB48-containing particles ( Figure 2E , right panel). Taken together, these data demonstrate that during times of fasting, the livers of diabetic E4hAkita mice secrete an increased number of pro-atherogenic VLDL particles that are small, apoB48-containing, triglyceride poor, and cholesterol-rich.
Hepatic expression of the lipid metabolism-related genes.
To gain insight into the effects of hypoinsulinemia on lipid uptake and VLDL secretion in the presence or absence of hLDLR, we measured the liver by guest, on November 9, 2017 www.jlr.org Downloaded from expression of several key genes for lipid metabolism ( Table 1) . As expected, the hLDLR allele led to 5-6 fold higher LDLR gene expression, but did not affect the expression of other genes significantly with the exception of scavenger receptor B1 (SRB1), whose expression tended to be higher in E4h mice than in E4 mice. Neither diabetes nor LDLR genotype altered the expression of the genes for apoE, lipoprotein lipase (LPL) or Ndeacetylase/N-sulfotransferase 1 (NDST1), an enzyme responsible for sulfation of heparin sulfate proteoglycans.
However, diabetes was associated with a dramatic 6-fold increase in expression of CD36, VLDL receptor (VLDLR), and leptin receptor (LEPR). Diabetes also increased scavenger receptor A1 (SRA1) expression almost 2-fold. A 3-fold increase in SR-B1 was observed, but only in mice without hLDLR (E4Akita). Conversely, expression of pre-protein convertase serine kexin-9 (PCSK9), which facilitates degradation of LDLR protein, and expression of fatty acid synthase (FASN) were reduced significantly in diabetic mice. Reduction in PCSK9 and FASN appears to be enhanced in diabetic mice with hLDLR, but the differences between E4Akita and E4hAkita livers were not significant. Together, these changes reflect that the livers in the diabetic mice are preferentially metabolizing lipids.
ApoB, as well as the insulin-inhibited transcription factor forkhead box protein O1 (FOXO1) and its downstream target microsomal triglyceride transfer protein (MTTP), are key players in the production of VLDL (22) . However, expression of the genes for these proteins was not significantly altered either by diabetes or by LDLR genotype. Liver expression of ATP binding cassette transporter A1, ABCA-1, a key enzyme for HDL production, was not altered.
Diabetes-Induced Atherosclerosis in E4hAkita mice. We examined the proximal aortas of mice at 6 months of age for atherosclerotic changes. Under the light microscope, no sign of vascular damage or atherosclerosis was noted in the of non-diabetic E4 or E4h aorta ( Figure 3A) . Likewise, none of the aortas dissected from the diabetic E4Akita mice showed any visible signs of atherosclerosis ( Figure 3B ). In marked contrast, all of the eight diabetic E4hAkita mice analyzed in this study had atherosclerotic alterations in their aortic roots. The probability Macrophage cholesterol uptake and reverse cholesterol transport. Since E4hAkita mice have plasma cholesterol levels below 150 mg/dl, we looked for other factors than plasma lipids that might influence plaque development in these mice. We have previously shown that increases in LDLR expression significantly increase cholesterol delivery into macrophages in culture (19) . To examine whether diabetes also affects uptake of modified lipoproteins in macrophages, and thus foam cell and atherosclerotic plaque formation in a hyperglycemic environment, we measured uptake of DiI-labeled oxidized-LDL in vitro using peritoneal macrophages isolated from non-diabetic E4 and E4h mice. To mimic normal and hypherglycemic environments, macrophages were cultured in medium containing 5mM glucose or 25mM glucose for 48 hours. As shown in Figure 4A , uptake of oxidized-LDL was not affected by the glucose levels in the culture medium, but the E4h macrophage took up more oxidized-LDL than E4 macrophage in both conditions (hLDLR effect P<0.01). Thus, increased LDLR expression enhances lipoprotein uptake in macrophages at low or high glucose concentrations.
Plasma HDL is able to mediate reverse cholesterol transport. We therefore measured the capacity of plasma from individual mice to efflux cholesterol using cholesterol-loaded peritoneal macrophages isolated from wild type C57BL6/J mice in culture. The cholesterol efflux was strongly correlated with the apoA1 concentration of the plasma sample, which we estimated using western blots (R 2 =0.64, P<0.002, Figure 4B ). Efflux to plasma from diabetic mice (circles) was not different from that of non-diabetic mice (triangles Consistent with these data, cholesterol ester (CE) content in the peritoneal macrophage isolated from E4h
and E4hA mice were significantly higher than in E4 and E4A mice (P<0.002 for hLDLR effect, Figure 4C ). E4hA
but not E4h macrophage had also increased free cholesterol (FC). Diabetes also had affected the cellular CE content (P<0.03) but not FC content. TG content was not affected by either diabetes or hLDLR. Macrophage expression of genes for CD36, ABCA1, and ABCG1 that may influence cholesterol transport was not affected by either diabetes or hLDLR (data not shown).
Taken together, these data show that apoE4 mice with increased LDLR expression have enhanced lipid accumulation in macrophages. However diabetes appears to have only a small effect on this function.
Vascular inflammation and Diabetes-Induced Atherosclerosis
The general inflammatory state of mice as estimated by plasma markers of inflammation at 6 months of age was unremarkable, as concentrations of circulating TNF-α were below the detectable range (<9 pg/ml) for all mice (data not shown). However, some mice showed elevated IL-6 and/or MCP1 concentrations in the plasma but no genotype association was detected.
Liver expression of genes for IL6 and MCP1 tended to be elevated in the diabetic mice without the increase in macrophage number as judged by the expression of CD68 (Table 1) .
To determine the contribution of diabetes and hLDLR to vascular function, we next examined the expression of several atherosclerosis-modifying genes in thoracic aortas with an assumption that changes in thoracic aortas would be reflective of those in aortic roots ( Figure 5 ). Although no atherosclerosis are expected in thoracic aortas of 4-5 months old chow-fed mice, macrophage in diabetic aorta appear to be increased as CD68 expression in diabetic mice were higher than E4 control aorta. Furthermore, the expression of Spp1 Mice simultaneously expressing human apoE4 and a high level of human LDLR have normal non-HDL cholesterol on chow diet, but are sensitive to high fat/high cholesterol-induced dyslipidemia and atherosclerosis (14) . The clearance rate of postprandial remnants is reduced in these mice, in part because LDLR preferentially sequesters apoE4 on the surface of hepatocytes and limits apoE4 transfer onto lipoproteins, an essential step for by guest, on November 9, 2017 www.jlr.org Downloaded from 14 apoE-mediated lipoprotein clearance (14, 25) . Except for an expected 5-fold higher expression of LDLR, hLDLR does not appear to alter the hepatic expression of genes related to lipoprotein uptake and lipid metabolism.
However, hLDLR alters the composition of VLDL secreted from the liver, as indicated in a 2-fold reduction in the rate of hepatic TG secretion -without alterations in the secretion of total cholesterol and apoB amounts. Since each VLDL particle contains a single molecule of apoB protein, this implies that the VLDL particles secreted by E4 mice with hLDLR are the same in number but have less TG and are therefore smaller than those secreted by E4 mice without hLDLR. hLDLR also decreased the apoB100/apoB48 ratio, which is consistent with the report by
Twisk et al. who demonstrated that LDLR regulates hepatic apoB secretion and that over-expression of LDLR leads to the degradation of apoB100 but not of apoB48 (21) . Importantly, since clearance of apoB48-containing particles from circulation is mediated by apoE, reduced availability of apoE4 leads to accumulation of remnants in plasma.
Uncontrolled type1 diabetes increases food intake in mice and stresses the remnant clearance in E4 mice, although total cholesterol levels still remain within the normal physiological range of mice (~100 mg/dl).
Insulin has a well-established role as an inhibitor of hepatic VLDL secretion (5, 20, 22) . It also promotes degradation of apoB protein (20) . Consistent with these observations, we find that diabetes significantly increases the secretion of apoB48, indicating that the number of VLDL particles secreted is increased. Diabetes also caused a 2-fold decrease in the rate of TG secretion, which could be due to reduced hepatic TG stores consequent to the enhanced use of lipids as a source of energy. The decrease in FASN and increase in CD36
and VLDLR expression, which we found in the liver of diabetic mice, supports this explanation. Importantly, the combination of hypoinsulinemia with hLDLR in the E4hAkita liver causes a marked increase in the secretion of small, cholesterol-rich, TG-poor and apoB48-containing particles. The efficiency of remnant clearance increases in a particle size-dependent manner (26) . Consequently the small size of the apoB48-containing VLDL particles in the E4hAkita mice impedes their apoE4-dependent clearance and causes an accumulation of VLDL remnants in plasma ( Figure 6 ). HDL-cholesterol levels in the plasma of mice with hLDLR are 60% normal, regardless of diabetes. This is consistent with a previous report that low plasma HDL level occurs in transgenic mice over-expressing human LDLR, which was postulated to be due to increased whole particle uptake of apoE-containing HDL by LDLR (27) .
In addition, reduced reverse cholesterol transport and increased liver SRB-1 expression may also contribute to this reduction. Although this degree of HDL reduction is likely to be harmless by itself, when it is combined with a diabetes-induced increase in VLDL remnants the non-HDL/HDL cholesterol ratio in the E4hAkita mice dramatically increases to 3.05. This is close to that observed in humans (~3) and very different from the 0.45 observed in wild type or E4 mice. HDL has a very strong protective effect on CVD risk in humans, and can significantly decrease the risk even in the presence of high LDL (28) . Importantly, the fact that the diabetic E4Akita mice do not develop atherosclerosis although their total plasma cholesterol levels are as high as those of E4hAkita mice, underscores the importance of the types of circulating lipoproteins. However, having an elevated non-HDL/HDL cholesterol ratio by itself is unlikely to be sufficient to account for the diabetes-induced atherosclerosis in the E4hAkita mice. In this regard, Goldberg and his colleagues reported that atherosclerosis was not increased in streptozotocin-induced diabetic LDLR null mice with apoA1-deficiency (29) or mice expressing human apoB and CETP with LPL deficiency (30) , even though these mice had elevated non-HDL/HDL cholesterol ratios. Thus, some factors in addition to the plasma lipoprotein changes are likely to be also contributing to the atherosclerosis of E4hAkita mice.
CVD risk in patients with diabetes is likely to be increased via several interconnected factors, including inflammation, endothelial dysfunction, and a pro-thrombotic state that result from a disturbed glucose metabolism (31) (32) (33) . Our experiments show that diabetes increases MCP1, ICAM-1 and E-selectin gene expression 2 to 3-fold in the aorta. These proteins mediate leukocyte recruitment, rolling and adhesion to the blood vessels, which contribute to the plaque initiation. However, hLDLR did not affect the expression of these genes. Instead, hLDLR, but not diabetes, caused a small 1.5-fold increase of VCAM-1 gene expression in the aorta. VCAM-1 plays a crucial role in monocyte adhesion to the endothelium and in initiation of atherosclerosis in both LDLR-null and apoE-null mice (34, 35) . The increased VCAM-1 expression in aortas carrying hLDLR may therefore be a factor that contributes to the atherosclerosis of the E4 diabetic mice. Since VCAM-1 gene expression is also increased in E4h mice with low VLDL, this is not likely to be secondary to the relative increase of remnant particles in the E4hAkita mice. On the other hand, because plasma HDL levels are significantly low in hLDLR mice regardless of diabetes, aortic VCAM1 expression could be related to a reduced cholesterol efflux. Further studies are necessary to elucidate the causative relationships between the hLDLR and VCAM-1 gene expression.
Although macrophage dysfunction is associated with diabetes (36, 37), we find that oxidized LDL uptake in cultured macrophage is increased when they have the hLDLR allele which is more strongly expressed than the mouse allele (19) . ApoE4 expressing macrophages efflux less cholesterol than apoE2 or apoE3 expressing macrophages in culture (19, (38) (39) (40) and increased LDLR expression also reduces cholesterol efflux from macrophages in an apoE4 dependent manner (19, 38) . Additionally, Cash et al (41) recently reported that macrophages with apoE4, when activated by oxidized LDL, exhibit higher cell stress than those with the other apoE-isoforms, mainly through potentiation of endoplasmic reticulum stress signaling. Thus, the combination of high expression of LDLR with human apoE4 induces atherogenic changes in macrophages. In addition, the low plasma levels of apoA1 further reduce the removal of cholesterol from macrophages in mice with hLDLR.
Although the resulting macrophage dysfunction is not sufficient by itself to cause foam cell formation, it is a significant factor when combined with the enhanced leukocyte recruitment induced by diabetes ( Figure 6 ).
The relative contribution of hyperglycemia and dyslipidemia to the accelerated atherosclerosis that presents in diabetes is not well defined. Previously, Renard et al. (8) although homeostatic adjustments maintained their plasma cholesterol levels within a normal physiological range (<120mg/dl). We also found that diabetes causes pro-inflammatory changes in the vasculature of apoE4 mice, although this change alone was not sufficient to initiate atherosclerosis. While the two experiments differ in how type-1 diabetes is induced, sex of the mice, and the mode of lipid metabolism perturbation, both clearly demonstrate that diabetes increases atherogenesis with relatively modest changes in lipoprotein metabolism.
Translation of mouse models of atherosclerosis to humans is not straightforward since there are species differences in their lipoprotein metabolism. For example, E4hAkita mice secrete predominantly apoB48-containing lipoproteins, remnants of which are cleared by apoE-mediated mechanisms. This contrasts with humans whose plasma non-HDL lipoproteins contain mainly apoB100 because humans lack hepatic apoB editing (42) . Small remnant lipoprotein particles with apoB48, unlike comparable particles with apoB100, cannot be cleared by the LDLR unless they also have apoE. The disturbances in lipoprotein metabolism caused by changes in LDLR levels may therefore be exaggerated in mice by the accumulation of small apoB48 remnants. 
